DNA-binding activators and repressors recruit histone acetylases and deacetylases to promoters, thereby generating localized domains of modified histones that influence transcriptional activity. At the end of a transcriptional response, alterations in histone acetylation status are reversed, but the dynamics of this process are poorly understood. Here, we recruit histone deacetylases and acetylases to a well-defined yeast promoter in a regulated manner. Following dissociation of the recruiting protein from the promoter, targeted deacetylation and acetylation are reversed with rapid, yet distinct, kinetics. Reversal of targeted deacetylation occurs within 5-8 min, whereas reversal of targeted acetylation is more rapid, taking 1.5 min. These findings imply that untargeted, globally acting enzymes generate a highly dynamic equilibrium of histone acetylation and deacetylation reactions across chromatin. Targeted acetylases and deacetylases can locally perturb this equilibrium, yet once they are removed, the global activities mediate a rapid return to the steady-state level of histone acetylation. Our results also indicate that TBP occupancy depends on the presence of the activator, not histone acetylation status.
Acetylation of lysine residues on histone tails has long been correlated with transcriptional activation (Allfrey et al. 1964; Pogo et al. 1966) . Acetate addition and removal experiments involving bulk histones suggest that this histone acetylation is dynamic, although the fraction of total histones involved and the modification rates depend on the organism (Davie 1997; Waterborg 1998 Waterborg , 2001 . In mammalian cells, it has been suggested that histone acetylation turnover is more rapid at actively transcribed genes than at inactive genes (Covault and Chalkley 1980; Ip et al. 1988; Boffa et al. 1990 ). However, these analyses of bulk histone populations do not measure acetylation in the context of a defined transcriptional response, and it is unclear whether the dynamic changes in acetylation occur during histone synthesis, histone deposition on DNA, or on histones already assembled into chromatin.
A mechanistic understanding of the linkage between histone acetylation and transcription arose from the identification of histone acetylases (HATs) and histone deacetylases (HDACs) as transcriptional coactivators and corepressors, respectively, which are targeted to promoters by sequence-specific DNA-binding proteins (Pazin and Kadonaga 1997; Struhl 1998) . Once recruited to chromatin, HATs and HDACs generate a localized domain of modified histones, resulting in activation or repression, respectively, of their target genes (Struhl 1999; Wu and Grunstein 2000) . The yeast SAGA complex, containing the Gcn5 HAT is targeted to promoters by activators, such as Gcn4 and Swi5, in which it acetylates histone H3 (Kuo et al. 1998 (Kuo et al. , 2000 Cosma et al. 1999; Krebs et al. 1999) . Another yeast HAT, Esa1, is recruited via Rap1 to promoters of ribosomal protein genes (Reid et al. 2000) . In an analogous mechanism leading to transcriptional repression, the Rpd3 HDAC is targeted to yeast promoters by the DNA-bound repressor Ume6, in which it deacetylates histones H3 and H4 (Kadosh and Struhl 1997, 1998; Rundlett et al. 1998) . As many transcriptional responses are regulated and transient, one might expect the basal level of histone acetylation to be restored after the recruiting activator or repressor has ended its function. Furthermore, reversal of an induced acetylation state may be essential for timely termination of the transcriptional response, as well as maintenance of proper chromatin structure. Changes in histone acetylation have been observed in a variety of situations in which an induced hyperacetylation is later followed by a return to the initial acetylation level (Cavalli and Paro 1999; Chen et al. 1999; Cosma et al. 1999; Krebs et al. 1999 Krebs et al. , 2000 Agalioti et al. 2000; Beresford and Boss 2001; Bouchard et al. 2001; Frank et al. 2001) . In yeast, transient cell cycle-regulated binding of Swi5 to the HO promoter results in recruitment of SAGA and histone acetylation; later on in the cell cycle, SAGA departs, and acetylation is reversed (Cosma et al. 1999; Krebs et al. 1999) . At promoters targeted by the estrogen receptor, a HAT complex including p300/CBP and ACTR, is recruited upon hormone induction, leading to histone hyperacetylation and gene activation. ACTR is then acetylated by p300/CBP, resulting in dissociation of the HAT complex from the promoter, and thus self-attenuation of histone acetylation (Chen et al. 1999) . At the interferon-␤ enhancer, an enhanceosome containing PCAF and CBP is assembled in response to virus infection, leading to histone acetylation (Parekh and Maniatis 1999; Agalioti et al. 2000) . The enhanceosome later disassembles when its HMGI(Y) component is acetylated by CBP, and the basal histone acetylation level is restored (Munshi et al. 1998; Agalioti et al. 2000) . Conversely, cell cycle-dependent dissociation of E2F-Rb-targeted HDAC1 from the DHFR promoter is accompanied by increased histone acetylation and transcription (Ferreira et al. 2001) . In essentially all of these studies, the time interval between the departure of the targeted HAT/HDAC and the restoration of the initial histone acetylation state has not been determined.
Although such regulated dissociation of the targeted HATs or HDACs from promoters would prevent further modification of histone tails, the mechanism by which the existing hyperacetylation or hypoacetylation is erased is less obvious. One possibility is that an enzyme with the reverse activity, recruited to the same promoter, can restore the initial acetylation state. In support of this idea, some transcriptional regulators can associate with both HATs and HDACs while functioning as activators and repressors, respectively (Kadosh and Struhl 1997; Xu et al. 1999) . In a related mechanism, the reverse activity might be constitutively recruited to a promoter via a distinct DNA-binding protein, thereby restoring the initial histone acetylation level upon regulated dissociation of a HAT/HDAC. Such a mechanism might apply to the yeast HO promoter, which appears to be subject to multiple mechanisms of repression (Sternberg et al. 1987; Yu et al. 2000) . However, sequential or simultaneous targeting of HATs and HDACs by DNAbound proteins, although likely to occur at particular promoters under specific conditions, is unlikely to be a general mechanism for restoring histone acetylation levels after termination of a transcriptional response.
Yeast HATs (Gcn5 and Esa1) and HDACs (Rpd3 and Hda1) are not only targeted to specific loci, but they also function globally throughout the genome (Krebs et al. 1999; Kuo et al. 2000; Reid et al. 2000; Vogelauer et al. 2000) . These global activities provide a possible general mechanism for resetting acetylation levels, with no need for promoter-specific targeting. However, the kinetics by which untargeted, global HATs and HDACs alter acetylation levels, and whether their action can account for rapid changes in histone acetylation, are not known. Here we address this issue using fusion constructs based on the tetracycline repressor (TetR) (Gossen and Bujard 1992; Hillen and Berens 1994) , which target HATs and HDACs to a well-defined promoter in vivo, in a regulated manner. Our results, showing rapid reversal of targeted histone acetylation and deacetylation, reveal the highly dynamic nature of the global HDAC and HAT activities. Furthermore, they define a general mechanism by which histone acetylation status is rapidly restored to the steady-state level upon removal or inactivation of a transcriptional regulator in response to environmental or developmental signals.
Results

Experimental design
To monitor changes in histone acetylation at promoters following the removal of a targeted HAT or HDAC, we needed a DNA-binding protein that could be rapidly dissociated from the promoter in a regulated manner. The DNA-binding properties of TetR, encoded by the Escherichia coli Tn10 transposon, are optimal for such regulation, as this protein interacts with its target DNA site, the tet operator (tetO) in the absence of tetracycline and dissociates upon tetracycline addition (Hillen and Berens 1994) . TetR fusions have been used as regulated activators and repressors in a variety of eukaryotic organisms including yeast (Gossen and Bujard 1992; Hillen and Berens 1994; Gari et al. 1997; Belli et al. 1998) . Another advantage of TetR regulation, in contrast to most natural induction systems, is the absence of significant physiological effects that might indirectly affect the gene of interest. The potent tetracycline analog doxycycline (Dox) was reported not to affect viability or growth rate in yeast (Gari et al. 1997 ), and we did not detect any obvious change in viability, growth rate, or transcription in general during Dox treatment. We utilized HA-tagged TetR fusions with the Ume6 repression domain (Kadosh and Struhl 1997) and the VP16 activation domain (Sadowski et al. 1988 ) to target HDAC and HAT activities, respectively, to a tetO-driven promoter. Thus, the function of both HATs and HDACs could be monitored with the same experimental design.
We used a modified HIS3 promoter at its natural genomic locus as a reporter gene, because HIS3 promoter structure (Struhl et al. 1985) and histone acetylation properties (Kuo et al. 2000) have been studied in detail. Apart from the Gcn4-binding site, there are no known targeting sites for HATs or HDACs in the HIS3 promoter region. We replaced most of the HIS3 upstream region, including the Gcn4-binding site, by two copies of tetO; the core promoter region, including the T C and T R TATA elements, remains intact. Thus, changes in histone acetylation levels (other than those caused by the tetO-recruited activities) will presumably be due to the action of the untargeted, global enzymes. To monitor the transcriptional repression activity of the TetR-Ume6 fusion, another strain was constructed, in which the HIS3 locus contains a binding site for the Rap1 activator between the tetO sites and the TATA elements.
Reversal of targeted histone deacetylation takes 5-8 min
Targeted recruitment of the HDAC Rpd3 to yeast promoters is mediated by its interaction with the DNAbinding repressor Ume6 (Kadosh and Struhl 1997) . Rpd3 then generates a local domain of histone H3 and H4 deacetylation, resulting in transcriptional repression (Kadosh and Struhl 1998; Rundlett et al. 1998) . To target Rpd3 to the tetO sites in the HIS3 promoter, a portion of Ume6, which includes the repression domain (Kadosh and Struhl 1997) , was fused to TetR. The TetR-Ume6 fusion represses transcription of the Rap1-activated HIS3 gene (Fig. 1A) . Repression is rapidly relieved upon addition of Dox, within 10-20 min.
Changes in histone acetylation levels at the HIS3 locus were monitored by chromatin immunoprecipitation by use of antibodies to diacetylated histone H3 and tetraacetylated H4. The strains contain a second copy of the HIS3 promoter, located, together with the adjacent PET56 gene, at the LEU2 locus. The primer pair used for the quantitative PCR analysis simultaneously amplifies both HIS3 alleles, thereby permitting the assessment of histone acetylation status at the tetO-containing promoter with a true internal control. The use of a true internal control eliminates many sources of experimental error, and hence, permits much more accurate measurements of small quantitative differences.
TetR-Ume6 causes a specific decrease in the level of acetylated histones at the HIS3 locus (Fig. 1B) . Both histones H3 and H4 are affected, as observed for natural Ume6-repressed promoters (Kadosh and Struhl 1998; Rundlett et al. 1998; Deckert and Struhl 2001) . Treatment with Dox for 15 or 30 min restores the level of histone acetylation to ∼80% of that observed in the absence of TetR-Ume6. Thus, Dox causes a rapid dissociation of TetR-Ume6 from the promoter, resulting in near basal levels of transcription and histone acetylation within 15-20 min.
As the above results are suggestive of rapid changes in histone acetylation, a more detailed time-course experiment was performed with 2.5-min intervals of Dox treatment, up to 15 min. A culture treated with Dox for 4 h represented the situation of little or no TetR-Ume6 binding at HIS3. As shown in Figure 2 (A and C), the changes in histone H3 and H4 acetylation are continuous and reproducible, and they follow similar kinetics. A clear increase in acetylation level is detected 7.5 min after Dox addition, and by 12.5-15 min, the maximal level has been nearly reached.
The continuous and reproducible nature of the timecourse curves over 2.5-min intervals is notable, because formaldehyde treatment at each time point lasts for 20 min. Given that formaldehyde covalently binds lysine residues, we presume that cellular enzymes are inactivated almost immediately upon addition to the growing cells and that the 20-min incubation time merely increases the cross-linking in fixed and metabolically inert cells. As such, formaldehyde cross-linking provides a snapshot of protein-protein and protein-DNA interactions at the particular time-point.
The changes in histone acetylation levels depicted in Figure 2A reflect two processes, namely Dox-induced RNAs from YKT1R cells (contain a Rap1 site at the HIS3 promoter) transformed with a TetR-Ume6 or control plasmid grown in the presence of Dox for 0-30 min were analyzed by S1 nuclease protection, using probes to HIS3 and DED1. Quantitation of the signal for the +1 and +13 HIS3 transcripts, normalized to the DED1 signal, is shown at bottom, with the control untreated sample set as 100%. (B) Cross-linked chromatin from control or TetR-Ume6-expressing YKT1R cells treated with Dox for 0-30 min was immunoprecipitated with antibodies to acetylated histones H3 and H4. The smaller PCR product corresponds to the tetO-containing HIS3 locus, and the larger product corresponds to the LEU2ϻPET56 locus, serving as internal control. After normalizing each immunoprecipitation (IP) signal to the input signal, the HIS3 results were divided by the LEU2ϻPET56 results, and expressed relative to the control sample.
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dissociation of TetR-Ume6 (with the associated Rpd3) from DNA, followed by restoration of the basal acetylation level by globally acting HATs. To separate these processes, we monitored occupancy of the HA-tagged TetR-Ume6 at HIS3 during this time course. PCR was done with primers spanning the HIS3 promoter together with an additional primer set, which amplifies the TRP3 promoter as an internal control. Figure 2 (B and D) shows a rapid dissociation of TetR-Ume6 from HIS3, starting 2.5-5 min and being nearly completed 7.5-10 min after Dox addition.
The time interval between TetR-Ume6 dissociation (Fig. 2B ) and the changes in histone acetylation levels ( Fig. 2A) should reflect the actual HAT-mediated acetylation process. To facilitate the comparison between these time-course curves, we calculated the change that occurred at every time point, relative to the value at time 0, with the change at the 4-hour end-point being set as 100% (Fig. 2E ). These data clearly show a time interval, in a range of minutes, between the initial event of TetRUme6 dissociation, and the subsequent changes in histones H3 and H4 acetylation levels. The time difference between these curves, here determined at the point of 70% change (⌬t 70 ), represents the time required to re- , and analyzed by quantitative PCR. Histone acetylation (A,C) was analyzed as described in Figure 1 . After normalizing each IP signal to the input signal, the HIS3 results were divided by the LEU2ϻPET56 results, and expressed relative to the 4-hour-treated sample. TetR-Ume6 binding, as determined by HA IP (B,D), was analyzed using the HIS3 promoter primers described above in combination with primers amplifying TRP3 as internal control. After normalizing each IP signal to the input signal, the specific binding of TetR-Ume6 at HIS3 was determined by dividing the HIS3 results by the control TRP3 results. (E) The kinetics of changes in histone acetylation were compared with those of TetR-Ume6 dissociation from the promoter by quantitating the changes in these values throughout the time course. At each time-point, the change in normalized IP value from the time 0 value was determined, and expressed relative to the change at 4 h set as 100% store the steady-state histone acetylation level. For both H3 and H4 acetylation, this time interval is ∼6 min. Thus, following the dissociation of a DNA-bound repressor, the basal level of histone acetylation is rapidly, though not instantly, restored. As a Rap1-associated HAT might contribute to the observed changes in acetylation levels, we performed the same experiment in a strain that contains no activatorbinding site at the HIS3 locus. As shown in Figure 3  (A,C,D) , the kinetics of histone acetylation are similar to those observed at the Rap1-activated promoter. The changes in histone acetylation levels were also monitored by use of primers encompassing nucleosome +2, within the HIS3 ORF, and the PGK1 promoter as an internal control. The level of histone deacetylation caused by TetR-Ume6 is slightly lower at HIS3 nucleosome +2, yet similar kinetics of changes in acetylation are observed (Fig. 3B,C,E) . Altogether, the analyses of TetR-Ume6-mediated histone deacetylation show a time interval of 6.9 ± 1.7 min and 5.6 ± 1.8 min for H3 and H4, respectively, at the point of 70% change (⌬t 70 from three independent experiments). Thus, global HATs rapidly restore the basal level of histone acetylation.
Reversal of targeted histone acetylation and TBP occupancy takes ∼1.5 min
The acidic activation domain of VP16 recruits the SAGA complex, which contains the Gcn5 HAT, to promoters in vivo (Tumbar et al. 1999; Larschan and Winston 2001) , leading to localized histone hyperacetylation and transcriptional activation. We therefore targeted SAGA to the HIS3 promoter using a HA-tagged TetR-VP16 fusion. We observe an increase in histone H3 acetylation at the HIS3 locus upon introduction of TetR-VP16, with maxi- Figure 3 . Reversal of targeted histone deacetylation upon dissociation of TetR-Ume6 from the HIS3 promoter. Cross-linked chromatin from TetR-Ume6-expressing YKT2 cells (contain a nonactivated HIS3 promoter) treated with Dox for 0-15 min or 4 h was immunoprecipitated with antibodies to acetylated histones H3 and H4 or the HA epitope for measuring TetR-Ume6 occupancy, and analyzed by quantitative PCR. (A) Histone acetylation at the HIS3 promoter was analyzed as described in Figure 1. (B) Histone acetylation at the nucleosome +2 region within the HIS3 ORF was determined using the PGK1 promoter as an internal control. After normalizing each IP signal to the input signal, the HIS3 results were divided by those of the control locus, and expressed relative to the 4-hour-treated sample. (C) TetR-Ume6 binding at the HIS3 promoter was determined using the PGK1 promoter as an internal control. After normalizing each IP signal to the input signal, the specific binding of TetR-Ume6 at HIS3 was determined by dividing the HIS3 results by the control PGK1 results. (D,E) Kinetics of changes in histone acetylation and TetR-Ume6 dissociation from the promoter throughout the time course. At each time-point, the change in IP value from the time 0 value was determined, and expressed relative to the change at 4 h set as 100%.
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mal acetylation at nucleosome +2 (data not shown). Treatment with Dox for 4 h eliminates this hyperacetylation. A time-course experiment was performed to determine the kinetics of this process (Fig. 4) . In addition to histone acetylation and TetR-VP16 occupancy levels, we also analyzed the samples with a TBP antibody, to determine the presence of the basal transcription machinery at HIS3 upon TetR-VP16 dissociation. Histone acetylation levels were determined by duplex PCR using primers to HIS3 nucleosome +2 and the PGK1 promoter as an internal control. For TetR-VP16 and TBP occupancy, primers spanning the HIS3 promoter (with TRP3 as internal control) were used.
This time-course experiment shows a rapid decline in all three parameters upon Dox treatment (Fig. 4) , TetR-VP16 occupancy (B and E), histone acetylation (A and D), and TBP occupancy (C and E). In all cases, near minimal levels are reached within 6-8 min. To compare between the different processes, we determined the change from the initial (time 0) level, occurring at each time point, as described above for the TetR-Ume6 experiment (Fig. 4F) . As in the case of TetR-Ume6, a time interval exists between TetR-VP16 dissociation and the change in acetylation level, yet, here the two graphs differ by only ∼1.5 min at the point of 70% change (⌬t 70 = 1.5 ± 0.25 from three independent experiments). The change in TBP occupancy, however, follows almost the exact time course as TetR-VP16 occupancy, with no evident time interval between the two curves.
Collectively, the TetR-based recruitment experiments show that for both targeted histone acetylation and deacetylation, a rapid return to the basal acetylation level occurs within a range of minutes, with reversal of targeted acetylation showing a significantly faster response. In addition, TBP occupancy depends on the presence of the activator, not histone acetylation status per se.
Reversal of targeted histone acetylation from the natural UGT51 promoter
To further examine whether the rapid reversal of targeted histone acetylation applies to natural promoters, we identified additional TetR-binding sites within yeast promoter regions. The tetO site consists of 19 bp, most of which contribute to DNA-binding affinity (Wissmann et al. 1988; Sizemore et al. 1990; Hillen and Berens 1994) . We found a putative imperfect TetR-binding site 77 bp upstream of the translation start site of UGT51, the gene for sterol glucosyltransferase (Warnecke et al. 1999 ). TetR-VP16 occupancy and TetR-VP16-mediated histone H3 hyperacetylation at the UGT51 promoter were detected, although both values were significantly lower than that seen with the modified HIS3 locus (data not shown). TetR-Ume6-mediated histone deacetylation was weak at UGT51, and, therefore, was not further analyzed.
To monitor the time course of histone hyperacetylation reversal at UGT51, samples from the TetR-VP16 experiments described above were analyzed using PCR primers spanning the UGT51 promoter. Both TetR-VP16 occupancy and histone H3 acetylation rapidly decline, reaching basal values by 4 min following Dox addition (Fig. 5) . Despite the relatively low binding and hyperacetylation at UGT51, the reproducibly short time interval between the two curves, similar to that observed at the HIS3 locus, indicates rapid reversal of targeted histone acetylation.
Discussion
Highly dynamic acetylation and deacetylation reactions maintain, and can rapidly restore the steady-state acetylation status of nucleosomal histones
At many eukaryotic promoters, the level of histone acetylation undergoes dynamic changes in response to external stimulation or as a function of cell cycle progression. Although previous work has focused on the establishment of altered histone acetylation states by DNA-bound transcription factors recruiting HATs and HDACs, restoration of the initial acetylation level may be no less important. In line with this notion, our results suggest a general mechanism by which the basal state of histone acetylation is rapidly restored, involving untargeted, global HAT and HDAC activities.
We monitored the changes in histone acetylation upon removal of a VP16-derived activator and a Ume6-derived repressor targeted to the HIS3 promoter. As the HIS3 sequence present in our strains appears to include no recruitment sites for HATs or HDACs, the restoration of basal acetylation levels is due to untargeted, global enzymes. Our results show that following the dissociation of the targeting protein, the basal level of histone acetylation is restored rapidly, although not instantly, in a time frame of minutes. In the case of Ume6-mediated histone H3 and H4 hypoacetylation, most of the change in acetylation was achieved by 5-8 min (⌬t 70 of 6.9 ± 1.7 and 5.6 ± 1.8, respectively), whereas VP16-mediated H3 hyperacetylation was removed within ∼1.5 min (⌬t 70 of 1.5 ± 0.25). Histone H3 hyperacetylation at the UGT51 promoter was reversed with similar kinetics. Thus, localized alterations in the histone acetylation state, mediated by recruited HATs and HDACs, appear to be rapidly erased when recruitment ends by the action of globally acting HDACs and HATs.
Our results show that untargeted HAT and HDAC activities are highly dynamic. Such rapid processes occurring throughout chromatin can reset the basal acetylation state upon termination of the various transcriptional responses, within a short time frame, ensuring complete and timely reversal of each response. Although altered states of histone acetylation are often linked to transcriptional regulation, the level of histone acetylation is likely to be important also for other processes occurring on chromatin, such as recombination, DNA Figure 5 . Reversal of targeted histone acetylation upon dissociation of TetR-VP16 from the UGT51promoter . Samples used in Figure 4 were analyzed by quantitative duplex PCR using UGT51 primers instead of HIS3 primers. After normalizing each IP signal to the input signal, the UGT51 results were divided by the those of the control locus, and expressed relative to the 4-hour-treated sample.
repair, and replication. The rapid kinetics of the global acetylation and deacetylation processes indicate that maintenance of a proper acetylation state is an important aspect of chromatin dynamics. Thus, chromatin structure, with its globally acting HATs and HDACs, is in a dynamic equilibrium, in which acetylation and deacetylation reactions occur continuously, generating a steady-state level of histone acetylation. Localized perturbations of this equilibrium can occur by promoterspecific targeting of HATs and HDACs; yet, once targeting terminates, the cell rapidly restores its initial acetylation state
Global histone deacetylation is more efficient than global histone acetylation
Global histone acetylation and deacetylation are largely mediated by the same enzymes catalyzing targeted histone modifications (Krebs et al. 1999; Kuo et al. 2000; Reid et al. 2000; Vogelauer et al. 2000) . Our results show a clear difference between the kinetics by which targeted hyperacetylation and hypoacetylation are reversed, as VP16-mediated histone H3 hyperacetylation declines more rapidly than Ume6-mediated hypoacetylation on the same promoter. In contrast, no obvious difference was observed between the reversal of histone H3 and H4 hypoacetylation, although distinct HATs are probably involved. These observations suggest that in vivo globally acting HAT and HDAC complexes may differ in some basic property, such as their interaction with chromatin or their ability to access and modify histone tails. For example, global HDAC complexes may be more widely distributed along chromatin, or may be able to move faster, and thus, would gain better access to the histone tails, whereas global HAT complexes may be more restricted in their distribution or movement. An intriguing possibility is that a mechanistic difference between global HDAC and HAT complexes reflects distinct kinetic requirements related to their roles in reversing activator-targeted acetylation versus repressortargeted deacetylation. Alternatively, such different properties may be important for their function in maintaining distinct steady-state levels of histone acetylation across chromosomal regions. Lastly, the observation that global histone deacetylation is more efficient than global histone acetylation is consistent with the fact that most lysine residues on histone tails are nonacetylated in yeast cells (Waterborg 2000) .
Continued TBP association depends on the presence of the activator, not histone hyperacetylation
An interesting event observed upon TetR-VP16 dissociation from the promoter is the immediate departure of TBP, which precedes the reversal of histone hyperacetylation. This finding suggests that the presence of the activator is critical for continued association of TBP with the promoter; shortly after the activator departs, the persisting histone hyperacetylation is not in itself sufficient to stabilize full TBP binding. As reversal of other chromatin modifications (e.g., nucleosome remodeling) is likely to take some time after dissociation of the activator, it is possible that activator-dependent changes in chromatin structure might not be sufficient for continued TBP association.
Although highlighting the importance of the activator for the stable association of TBP with the promoter, this result does not contrast with the notion that maintaining a proper steady-state level of histone acetylation, and restoring basal acetylation levels at the end of a transcriptional response, can be important for transcriptional regulation (Vogelauer et al. 2000) . Under conditions when TBP binding is stabilized by contacts with a DNAbound activator, or possibly by some alteration of chromatin structure, an abnormally high acetylation level may further stabilize the transcription complex and enhance transcription. It is also possible that although full TBP occupancy requires the presence of the activator at the promoter, persisting histone hyperacetylation could maintain a certain level of promoter-associated TBP after the activator has departed. Our results thus support on one hand the crucial role of the activator in continuously tethering TBP to the promoter during the activation process, and on the other hand, as suggested by the rapid kinetics of global acetylation and deacetylation, the importance of restoring and maintaining a steady-state level of histone acetylation.
Materials and methods
DNAs and yeast strains
The constructs used to create the tetO-driven HIS3 allele are based on a previously described plasmid, in which the HIS3 upstream region has been deleted and replaced by a Rap1-binding site (Iyer and Struhl 1995) . YIp211HisTetRap was generated by cloning a 150-bp PCR fragment from pCM172 (Gari et al. 1997) harboring two copies of tetO, into the XhoI site, upstream of the Rap1 site. Deletion of the Rap1 site by EcoRI digestion of YIp211HisTetRap and self ligation produced YIp211HisTet. The HIS3 loci of YIp211HisTetRap and YIp211HisTet were introduced into FT5 (␣ ura3-52 trp1-⌬63 his3-⌬200 leu2ϻPET56) by two-step gene replacement to generate YKT1R (with a Rap1 site at HIS3) and YKT2 (lacking activator sites upstream of the HIS3 core region), respectively. These strains were transformed with TRP1 centromeric plasmids expressing TetR-derived chimeras, or empty vectors as control. The TetR-Ume6 expression construct p414ADH-Tet3HAUN596, cloned in p414ADH (Mumberg et al. 1995) , includes the following (in this order): TetR, a nuclear localization signal, three copies of the HA epitope, and amino acids 1-596 of Ume6. The TetR-VP16 expression construct p414CYC1-TetLVP-3HA, cloned in p414CYC1 (Mumberg et al. 1995) , includes the following: TetR, a nuclear localization signal, a linker from the bacteriophage cI gene (amino acids 92-132), the VP16 activation domain (amino acids 367-490), and three copies of the HA epitope. The linker and VP16 portion was cloned from pCM172. Yeast strains were grown under standard conditions in glucose medium containing casamino acids.
Chromatin immunoprecipitation
The association of TetR fusions with tetO DNA was regulated by adding doxycycline (Dox) (10 µg/mL) to logarithmically growing cultures at various times before formaldehyde treatment. Immunoprecipitation (IP) of chromatin from cross-linked cells and quantitative PCR were performed essentially as described (Kuras and Struhl 1999) , except that IPs were done in 150 mM NaCl. For quantitation of histone acetylation levels, antibodies to diacetylated histone H3 and tetra-acetylated histone H4 (Upstate Biotechnology) were used. A 24-cycle PCR was performed with ∼1/100 of the immunoprecipitated DNA and 1/10,000 of the input DNA. IPs with monoclonal anti-HA (F7, Santa Cruz) and polyclonal anti-TBP were followed by a 26-cycle PCR using ∼1/40 of the immunoprecipitated DNA and 1/40,000 of the input DNA. Each PCR reaction from the IPs for acetylated histones and TBP generated two products of the tested locus (HIS3 or UGT51) and an irrelevant locus serving as internal control. For the HA IPs, the tested locus and control locus were amplified either in the same PCR reaction (in the TetR-VP16 experiments and some TetR-Ume6 experiments) or in different reactions. IP efficiency for a given locus was calculated as the ratio between the amount of IP PCR product and input PCR product. The IP efficiency value of the tested locus (HIS3 or UGT51) was then divided by that of the control locus to correct for variation between different samples. PCR reactions were done in duplicates or triplicates, and the individual values reported in each figure have an error of ±10%. For each TetR fusion, histone acetylation and occupancy at HIS3 (by HA IP) were determined by use of samples from three independent time-course experiments, which gave similar results. Analyses of TBP occupancy and the UGT51 promoter were done for two independent experiments.
Transcriptional analysis
Logarithmically growing cultures were treated with Dox (10 µg/mL) for different time periods. Total RNA was subjected to S1 nuclease protection analysis to determine HIS3 RNA levels, as described previously (Iyer and Struhl 1996) .
